Although the serrated neoplasia pathway is thought to give rise to the majority of sporadic microsatellite instability-high (MSI-H) colon cancer, the exact proportion of these tumors that arise from serrated precursors has not been fully studied. Tubular and tubulovillous adenomas with features of the serrated neoplasia pathway have been described, and unlike sessile serrated adenomas, these lesions lack BRAF mutations. The contribution of these adenomas to sporadic MSI-H colon cancer is unclear. To this end, we conducted an analysis of right-sided sporadic MSI-H and microsatellite stable (MSS) colon cancer, with emphasis on precursor lesions. Overall 25% (19/75) of MSI-H colon cancer had a precursor, of which only 4 were recognized histologically as arising from a sessile serrated adenoma, and the remaining were best classified as adenomas. Of the 31 (of 89) MSS colon cancers with a precursor, only 1 was a sessile serrated adenoma (P ¼ 0.06). Histological analysis of the precursor adenomas to sporadic MSI-H colon cancer demonstrated a high frequency of crypt serrations compared with MSS colon cancer (93 vs 36%, Po0.001). BRAF mutations were found in 57/75 (76%) sporadic MSI-H and 10/89 (11%) MSS colon cancers (Po0.001). Molecular analysis demonstrated BRAF mutations in 11/12 adenoma and 3/3 sessile serrated adenoma precursors adjacent to BRAF-mutated MSI-H colon cancer. Similarly, all 4 precursors to BRAF-mutated MSS colon cancer were also BRAF mutated. The presence of BRAF mutations in these adenomatous precursors suggests that they represent sessile serrated adenomas with complete cytologic dysplasia. Finally, patients with sporadic MSI-H colon cancer were more likely to harbour synchronous sessile serrated adenomas (20 vs 8%; P ¼ 0.023). This is the largest study to rigorously evaluate the precursor and synchronous lesions in patients with right-sided colon cancer. Detailed molecular and histological analysis of these lesions confirms the importance of serrated precursors in the development of sporadic MSI-H colon cancer.
In the past 10 years, there has been a revolution in our understanding of colorectal cancer (CRC) owing to the identification of multiple distinct molecular pathways. Classically, CRC has been divided into cancers that exhibit chromosomal instability and those that exhibit microsatellite instability (MSI). 1 More recently, CRCs that exhibit high levels of promoter methylation of CpG islands have been identified. CpG islands are present in the promoters of numerous genes, and when these islands are methylated, gene transcription is silenced. In 15% of sporadic CRCs, there is extensive methylation of CpG islands in the promoters of a wide variety of genes. [2] [3] [4] For this reason, these tumors have been called CpG island methylator phenotype-high (CIMP-H) tumors. Approximately 60-80% of CIMP-H tumors also harbour mutations in BRAF, a serine threonine kinase in the RAS/RAF/MAPK pathway. [5] [6] [7] [8] [9] These particular CRCs are also often characterized by high levels of microsatellite instability (MSI-H) 5, 8, [10] [11] [12] [13] [14] [15] [16] owing to the presence of a CpG island in the promoter region of the mismatch repair protein gene MLH1.
Tubular, tubulovillous and villous adenomas (Ads) give rise to the majority of CRC, many of which exhibit chromosomal instability. Patients with Lynch syndrome also develop CRC through adenomas. However, it is believed that sporadic CIMP-H, MSI-H tumors arise through a unique serrated polyp termed sessile serrated adenomas (aka sessile serrated polyps; SSAs). For this reason, the pathway giving rise to CIMP-H, MSI-H tumors has been termed the serrated neoplasia pathway. SSAs share many molecular features with these tumors as they commonly harbour BRAF mutations (up to 90%) and are CIMP-H. 5, 8, 11, 12 By contrast, BRAF mutations have are extremely rare in conventional Ads. 5, 8, [10] [11] [12] [13] [14] [15] [16] Thus, a mutation in BRAF serves as a specific marker for the serrated neoplasia pathway.
SSAs clearly do give rise to a proportion of sporadic MSI-H CRC as one occasionally finds an SSA immediately adjacent to the invasive carcinomas or preceding the CRC at the same site. Furthermore, the presence of SSAs increases the risk of advanced neoplasia at subsequent colonoscopies. [17] [18] [19] The exact proportion of sporadic MSI-H CRCs that arise from an SSA, however, is unclear, and it remains possible that some of these tumors arise through another precursor lesion.
We recently described a group of atypical Ads with overlapping features with traditional serrated adenomas (TSAs) and SSAs that tend to occur in colons harbouring other serrated polyps. 10 These atypical Ads exhibited focal serration and prominent eosinophilic cytoplasm. None of these atypical Ads harboured a BRAF mutation; however, they were more likely to have hypermethylation of CIMP-associated genes. It is possible that some sporadic MSI-H tumors arise through this unique polyp. Although these atypical Ads lack a BRAF mutation, they may acquire the mutation during the process of becoming invasive. Alternatively, it is possible that these atypical Ads give rise to those 20% of sporadic MSI-H CRCs that lack a BRAF mutation or those microsatellite stable (MSS) CRCs with low levels of CpG island methylation.
In an attempt to answer some of these questions, we reviewed 75 proximal MSI-H CRCs with loss of MLH1 expression, taking care to exclude those cases that are likely due to Lynch syndrome. For comparison, 89 right-sided MSS CRCs were also reviewed. The presence and type of adjacent precursor lesion was determined as was the type and number of synchronous polyps at the time of resection. BRAF mutational analysis was performed in all tumors, and the presence of a BRAF mutation was also determined in the adjacent precursor lesions. From these analyses, we attempted to determine what proportion of these sporadic MSI-H carcinomas was derived from a serrated precursor.
Materials and methods

Study Population and MSI-H Analysis
Beginning in 2005, CRCs with MSI-H histology (poor differentiation, tumor infiltrating lymphocytes, mucinous histology, and/or Crohn's-like reaction) were subjected to PCR-based MSI analysis. In 2009, this practice was made universal to all CRCs regardless of pathological features. Briefly, DNA from all tumors and matched normal specimens was obtained from formalin-fixed paraffin-embedded tissue. For each case, the hematoxylin and eosinstained tumor and paired normal tissue sections were reviewed by a pathologist to select the optimal area (at least 50% tumor cells) for tissue microdissection. DNA was extracted using the High Pure PCR Template Preparation Kit (Roche Applied Science, Indianapolis, IN) according to the manufacturer's instructions. In cases where matched normal tissue was unavailable, DNA from peripheral blood samples was isolated using proteinase K digestion and phenol/chloroform extraction. The MSI test was performed using a fluorescent PCRbased assay (MSI Analysis System, Promega, Madison, WI) by amplifying 7 loci, including 5 mononucleotide repeats (BAT25, BAT26, NR-21, NR-24, and MONO-27) and two pentanucleotide repeats (PentaC and PentaD). 20 The fluorescently labeled amplified PCR products were analyzed by capillary gel electrophoresis on the ABI 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA). Per the manufacturer's instructions, a tumor exhibiting two or more microsatellite unstable markers was classified as MSI-H, cases with one unstable marker were classified as MSI-low, and those without any unstable markers were classified as MSS.
A search of the pathology database from 2005 to 2010 revealed 107 MSI-H CRCs. No MSI-low cases were identified using this method during this time period. After MSI analysis, MSI-H tumors were subjected to immunohistochemical staining using anti-MLH1 (clone G168.15 diluted 1:10; Biocare, Concord, CA) and anti-MSH2 (clone FE11, diluted 1:100; Biocare, Concord, CA). The presence or absence of nuclear staining was evaluated in the lesional tissue. The adjacent non-neoplastic epithelium, stromal cells, and lymphocytes were used as an internal control and stains were interpreted only when internal control tissue demonstrated distinct nuclear positivity. Loss of MMR protein expression was defined by lack of nuclear staining in the lesional tissue.
Only MSI-H CRCs with loss of MLH1 were included in this study. Furthermore, those at or distal to the splenic flexure were excluded. The Cleveland Clinic has an active genetic counselor service with particular interest in hereditary CRC. Review of the genetic counselors' clinical note taking into account family history (using modified Amsterdam criteria 21 as a guide) and the presence of other Lynch-associated cancers was performed. MLH1 mutational analysis was performed in some cases as clinically indicated. In addition, any case meeting the criteria for hyperplastic/serrated polyposis (45 hyperplastic polyps/SSAs proximal to the sigmoid colon of which 2 are 410 mm or 430 hyperplastic polyps distributed throughout the colon) was also excluded from the study. These criteria resulted in exclusion of 32 (30%) MSI-H cases. The resulting 75 cases formed the cohort of sporadic right-sided MSI-H colon cancers. For comparison, 89 consecutive right-sided MSS colon cancers were also reviewed for the years 2009-10.
Histological Review
Hematoxylin and eosin-stained slides from 75 MSI-H sporadic proximal colon cancers and 89 MSS right-sided colon cancers were reviewed by two gastrointestinal pathologists (RKP and/or DTP). In addition to evaluating for the presence and type of immediate/adjacent precursor lesion, the type and number of synchronous polyps at the time of resection was also determined. As luminal extension of invasive colonic adenocarcinoma into the adjacent non-neoplastic mucosa may mimic highgrade dysplasia, and therefore a precursor lesion, only precursor lesions that were either large or demonstrated a transition in histological grade (lower grade compared with the adjacent invasive cancer), were considered as adjacent precursors. The size of the precursor lesions ranges from 4 to 25 mm. The precursor lesions were categorized as Ads (including tubular, tubulovillous, and villous adenomas), SSAs with or without cytologic dysplasia, or TSAs using established criteria. 22 Briefly, SSAs were identified by the presence of serrations at the base of the crypt, basilar crypt dilatation, horizontal orientation of the crypts, and lack of a distinct subepithelial-thickened collagen layer. 23 TSAs were identified by prominent eosinophilic cytoplasm, serrated architecture present throughout the polyp, and abundant ectopic crypts. 24, 25 In addition for all Ads, the following histological parameters were documented and graded in a semi-quantitative manner as follows: cytoplasmic eosinophilia (0 ¼ none, 1 ¼ focal striking eosinophilia, 2 ¼ extensive striking eosinophilia), serrated crypts (0 ¼ none, 1 ¼ 1-3 consecutive crypts with serrations, 2 ¼ 43 consecutive crypts with serrations), ectopic crypts (0 ¼ none, 1 ¼ o10% crypts within the entire precursor, 2 ¼ 10-50% crypts, 3 ¼ 450% crypts), and villous component (o25% tubular adenoma, 25-75% tubulovillous adenoma, and 475% villous adenoma).
BRAF Mutation Analysis
After careful manual microdissection of the area of interest, BRAF mutation analysis at codon 600 (V600E) was performed by a real-time PCR based on an allelic discrimination method as previously described. 12 Briefly, real-time PCR was performed using allele-specific primers designed to selectively amplify the wild-type (T1796) and mutant (A1796) BRAF alleles. The primer sequences were as follows: V, 5 0 -GTGATTTTGGTCTAGCTACTGT; E, 5 0 -CGCGG CCGGCCGCGGCGGTGATTTTGGTCTAGCTACCGA; and AS, 5 0 -TAGCCTCAATTCTTACCATCCAC. PCR amplification and melting curve analysis were performed on an ABI 7500 (Applied Biosystems, Foster City, CA). Genomic DNA was amplified in a 20-ml volume containing 1X Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, Carlsbad, CA, USA), forward primer V (300 nM), forward primer E (900 nM) and reverse primer AS (300 nM). The cycling conditions were as follows: 501C for 2 min, 951C for 2 min, 40 cycles of 951C for 15 s and 601C for 60 s. After amplification, samples were subjected to a temperature ramp from 60 to 991C, rising 11C each step. For wild-type samples, single peaks were observed at 801C, while samples containing mutant alleles produced single peaks at 851C.
Statistical Analysis
Age was compared between the groups using the Student's t-test. Categorical variables were compared by Chi-square or Fisher's exact test, as appropriate. All statistical tests were two-sided, with P-values o0.05 considered statistically significant. Statistical analyses were performed using SAS software, version 9.1 (SAS Institute, Cary, NC, USA).
Results
Subject Demographics and Tumor Characteristics
A total of 75 sporadic right-sided MSI-H and 89 MSS colon cancers formed the study cohort. Male gender was more common in MSS colon cancers than is sporadic MSI-H cancers (61 vs 37%, P ¼ 0.003). The median age of patients with sporadic MSI-H cancers (74 years; range 51-95 years) was significantly higher compared with patients with MSS cancers (67 years; range 40-95 years; Po0.001). Both the groups showed similar pT and pN stage distribution, the details of which are summarized in Table 1 .
Precursor Histology and Synchronous Lesions in MSI-H and Right-Sided MSS Tumors
Of the 75 sporadic MSI-H tumors, 19 (25%) cases demonstrated precursor lesions, of which 15 were Ads and 4 were SSAs with or without partial cytologic dysplasia (Table 2, Figure 1 ). In the MSS cohort, precursor lesions were identified in 31 (35%) cases, 30 of which were Ads, whereas 1 precursor SSA was identified. Although precursor SSAs were more common in the MSI-H group, this difference was of borderline significance (21 vs 3%; P ¼ 0.06, Table 2 ). No precursor lesion meeting criteria for TSA was identified in either cohort.
Precursor Ads were carefully analyzed for atypical features, including serrations, cytoplasmic eosinophilia, ectopic crypts, and villous morphology. Precursor Ads of MSI-H CRC were more likely to demonstrate serrated crypt architecture compared with the MSS group (Po0.001; Table 3 ). However, there was no difference in the proportion of ectopic crypts, the degree of cytoplasmic eosinophilia, or the presence of villous morphology in the precursor Ads between the two groups (Table 3, Figure 2) .
The presence and type of synchronous polyps in both sporadic MSI-H and MSS CRCs are summarized in Table 2 . Briefly, synchronous SSAs were more commonly found in patients with sporadic MSI-H tumors compared with those with MSS tumors (20 vs 8%; P ¼ 0.023). By contrast, MSS tumors were commonly associated with synchronous Ads compared with MSI-H tumors (47 vs 32%; P ¼ 0.048). Appendiceal lesions were documented only in the MSI-H category (2 low-grade mucinous neoplasms and 1 SSA). There was no difference in the number of synchronous CRCs between the two groups.
BRAF Mutation Analysis and Correlation with Precursor Histology
BRAF mutations were significantly associated with sporadic MSI-H CRC compared with MSS CRC (76 vs 11%; Po0.001, Table 1 
Discussion
The efforts of numerous molecular studies have significantly improved our understanding of the pathways involved in colorectal carcinogenesis. The chromosomal instability pathway, a result of mutations of tumor suppressor genes and oncogenes, forms the basis of the Vogelstein's adenoma-carcinoma model of carcinogenesis. 26 The other two pathways include the MSI pathway and CpG island methylation pathway. Epigenetic alterations in the form of methylation of the promoter regions of certain genes appear to be a common link between the sporadic MSI-H cancers and CIMP-H tumors. 27, 28 Another relative newcomer to the arena of colorectal carcinogenesis is the serrated neoplasia pathway. In fact, a unique aspect about this pathway is that most of these tumors demonstrate a CIMP-H and MSI-H phenotype. 29 BRAF mutations are thought be an early event in the serrated neoplasia and sporadic MSI-H CRC pathway. BRAF mutations are commonly seen in microvesicular hyperplastic polyps, SSAs with and without cytologic dysplasia, and some TSAs. 8 Given this finding, it has been assumed that all BRAFmutated CRC arise from a SSA or TSA.
30-32 However, Proximal colon cancers and the serrated pathway we have recently identified atypical Ads with a unique histology that occurs more commonly in patients with synchronous SSAs. 10 These atypical Ads demonstrate focal serrations and cytoplasmic eosinophilia. None harboured a BRAF mutation, thus they do not represent SSAs that have been overgrown by dysplastic epithelium. However, these atypical Ads do demonstrate low levels of CIMP indicating that they may represent a novel precursor in the serrated neoplasia pathway. It is possible that some of these atypical Ads acquire a BRAF mutation late in their progression to CRC.
To determine what proportion of sporadic MSI-H tumors are derived from a serrated precursor vs atypical Ad, we compared 75 consecutive sporadic right-sided MSI-H colon cancers with 89 right-sided MSS cancers and systematically evaluated the tumors for the presence or absence of a precursor lesion (Ad, SSA, and TSA). All precursor Ads were assessed for focal serrations, cytoplasmic eosinophilia, and ectopic crypts. In addition, BRAF mutation status was performed on all invasive cancers and the corresponding precursor lesions in BRAF-mutated CRC and used as a surrogate for the serrated neoplasia pathway. We found that distinct precursors were recognized in 25% of sporadic MSI-H (Table 3) . By contrast, cytoplasmic eosinophilia and ectopic crypts were not significantly different between these two cohorts.
It is possible that that the MSI-H Ad precursors with focal serrations identified in our study represent advanced SSAs that have become completely cytologically dysplastic. Alternatively, they may represent atypical Ads with focal serrations and cytoplasmic eosinophilia that we recently identified. It is possible that these atypical Ads acquire a BRAF mutation as they become invasive. Review of 9 previous studies demonstrate that BRAF mutations are extremely rare in Ads (conventional and atypical) occurring in only 7 of 609 adenomas tested. 5, 8, [10] [11] [12] [13] [14] [15] [16] For this reason, BRAF mutation in a precursor lesion is sensitive and specific for SSAs. Of the 12 MSI-H Ad precursors associated with BRAF mutated CRC, 11 harboured a BRAF mutations. Similar results were seen in precursor Ads to BRAF-mutated MSS CRC in that all 3 precursor Ads were also BRAF mutated. These data strongly suggest that the overwhelming majority of BRAF-mutated MSI-H (at least 14/15; 93%) and MSS (4/4; 100%) CRC likely arise from an SSA, and by the time the carcinoma comes to clinical attention, the characteristic features of an SSA have been overgrown by cytologically dysplastic epithelium. Residual serrations remain in the Proximal colon cancers and the serrated pathway dysplastic areas, possibly providing a clue to their origin from SSAs.
Two previous studies also attempted to determine the precursor lesion to MSI-H CRC. Young et al 33 analyzed 47 sporadic MSI-H CRC, and a residual adenoma was seen in 13 cases of which 12 were classified as 'serrated adenomas'. BRAF mutational analysis was not done on these tumors or precursor lesion. The study by Young et al was performed before criteria for recognizing SSAs were proposed, and it is likely that the residual 'serrated adenomas' represent a mixture of SSAs and Ads with focal serrations (possible representing SSAs with complete cytologic dysplasia). In a more recent study, O'Brien et al 8 analyzed 11 serrated carcinomas that were defined by the presence of residual 'serrated adenoma' as described by Longacre and FenoglioPressier 25 (now known as TSA). However, in 8 of these residual 'serrated adenomas', contiguous 'hyperplastic polyps' were seen. Of these 11 serrated carcinomas, 9 demonstrated microsatellite instability. O'Brien et al also analyzed BRAF mutations in the precursor and adjacent serrated carcinoma in 6 cases. All 6 serrated carcinomas and associated precursor lesions harboured BRAF mutations. In contrast to this previous study, we applied strict and current criteria for the diagnosis of SSA and TSA. Another major difference with O'Brien et al is that the current study analyzed 75 sporadic MSI-H CRC, where as O'Brien et al limited their study to 11 'serrated carcinomas' (of which only 9 were MSI-H). As serrated carcinomas were defined by the presence of a contiguous 'serrated adenoma' and not MSI-H, the study by O'Brien et al was not designed to determine the proportion of MSI-H CRC arise from a serrated precursor.
In the study by Young et al, molecular and histological analysis of MSI-H tumors was not stratified according to location within the colon. Similarly, O'Brien et al studied both proximal (4/11; 36.4%) and distal (7/11; 63.6%) serrated carcinomas. The unique aspect of our study is that we specifically analyzed right-sided MSI-H and MSS tumors. This inclusion criterion was based on the fact that nearly 90% of sporadic MSI-H tumors occur in the proximal colon. 33, 34 Furthermore, there are differences in molecular alterations and serrated precursor lesions between the right and left colon. In particular, SSAs are uncommon in the left colon, whereas TSA are predominately left sided. 23 In our cohort of 15 Ads adjacent to MSI-H tumors, 3 showed a wild-type BRAF status. All three lesions exhibited serrations in more than three crypts and one demonstrated extensive striking cytoplasmic eosinophilia. Although these BRAF WT MSI-H CRCs could have arisen through BRAF-WT SSAs, the majority of SSAs harbour a BRAF mutation. Thus, it is possible that some of these CRCs arose through the atypical Ads that we recently described. 10 Finally, a single BRAF-mutated CRC was associated with a BRAF-WT Ad precursor.
This result indicates that, in rare cases, BRAF mutations can be acquired relatively late in progression to CRC.
BRAF mutations have been documented in 5-20% of MSS cancers. 2, 29, [35] [36] [37] In our study, BRAF mutation was documented in 11% of MSS cancers and although this data represents only right-sided MSS cancers, it is comparable to the reported literature, as in most studies this profile of tumors was predominantly encountered in the proximal colon. Like MSI-H tumors, BRAF mutations in MSS tumors have been correlated with CIMP-H phenotype. 2, 29, 37 It was interesting to note that in the 10 MSS BRAF-mutated cancers, precursor lesions could be identified in 4 cases and all 4 precursors (1 SSA and 3 Ads) also harboured BRAF-mutation. Thus, BRAF-mutated MSS tumors also likely arise from a SSA that often becomes overgrown by dysplastic epithelium at the time of clinical presentation.
Interestingly, histological analysis of the precursor Ads to MSS BRAF-WT CRC demonstrated both crypt serrations and cytoplasmic eosinophilia in 8/ 27 (30%) lesions. This percentage roughly correlates with the reported percentage of CIMP-low proximal CRC (B40%). 29 It is possible that these lesions represent the atypical Ads that we recently identified with a CIMP-low phenotype; however, methylation analysis is necessary to support this hypothesis.
Lastly, compared with right-sided MSS tumors, the MSI-H tumors in this study were significantly associated with synchronous SSAs. Recent work has shown that patients with SSA are associated with a high percentage of synchronous serrated polyps (SSAs, SSAs with cytologic dysplasia, TSAs, and right-sided hyperplastic polyps). 38 Although this study does not provide direct evidence in terms of molecular markers, the presence of synchronous lesions suggests that the entire colon in patients with sporadic MSI-H is predisposed to the serrated neoplasia pathway. Thus, the presence of synchronous SSAs in MSI-H CRC also indirectly supports the notion that SSAs give rise to these tumors.
In summary, in this retrospective comparative analysis of 75 proximal MSI-H and 89 MSS tumors, distinct precursors were identified in 25% of rightsided MSI-H tumors and 31% of MSS tumors. Although nearly one-fourth of these precursor lesions in MSI-H category were SSAs, the remainder lesions were composed entirely of cytologically dysplastic epithelium and best categorized as Ads. However, as these Ads also were mostly BRAF mutated, they likely represented advanced serrated precursors (SSAs with complete cytologic dysplasia). This is substantiated by the observation that serrated crypt architecture in the Ads precursors was the only histological feature that was significantly associated with MSI-H precursors compared with MSS precursors. To our knowledge, this is the largest study that analyzed the precursor lesions to right-sided CRC according to current histological criteria. The histological analysis coupled with molecular studies entirely confirms the importance of the serrated neoplasia pathway in the development of the majority of sporadic MSI-H CRC.
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